Background: The liver is the predominant site of metastases among patients with advanced neuroendocrine tumors (NETs). Prior retrospective studies have reported high response rates in patients treated with transarterial embolization (TAE). NETs are highly vascular and are known to express vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor (VEGFR). We hypothesized that administration of sunitinib, a VEGFR inhibitor, following TAE would extend progression-free survival (PFS).
introduction
The liver is the predominant site of metastases among patients with neuroendocrine tumors (NETs) of the aerodigestive tract [1] [2] [3] [4] . Patients with liver metastases may experience symptoms such as weight loss, anorexia, and pain due to tumor burden. Hormonally functioning NETs may also cause symptoms such as flushing and diarrhea due to secretion of vasoactive substances directly into the systemic circulation. Surgical referral is generally advocated for patients with limited hepatic metastases which can be resected with curative or near-curative intent [5] [6] [7] [8] . Various ablative techniques have also been described, including alcohol ablation, cryoablation, and radiofrequency ablation [9] [10] [11] . However, for the majority of patients with widespread metastases, surgical or ablative therapies are rarely applicable.
In recent years, nonsurgical treatment options have expanded for patients with metastatic NETs. Systemic therapies include somatostatin analogs such as octreotide and lanreotide. These agents were initially developed to palliate hormonal symptoms associated with the carcinoid syndrome [12, 13] . In a recent randomized phase III trial of patients with metastatic midgut carcinoid tumors, octreotide long-acting repeatable (LAR) was associated with a significant increase in time to progression, thereby expanding its use to patients with nonfunctioning tumors [14] . Other novel systemic therapies have been found to be effective specifically for pancreatic NETs. For example, a recent placebo-controlled phase III trial studying the mammalian target of rapamycin inhibitor everolimus demonstrated a significant improvement in progression-free survival (PFS) [15] . Sunitinib, an inhibitor of the vascular endothelial growth factor receptor (VEGFR), was also found to prolong PFS among patients with advanced pancreatic NETs [16] .
Despite advances in systemic therapy, hepatic transarterial embolization (TAE) remains an important treatment modality for patients with progressive or symptomatic liver metastases. Metastatic NETs, which are highly vascular, derive their blood supply primarily from the hepatic arterial circulation [17] . Thus, occlusion of hepatic artery branches leads to selective tumor ischemia, relatively sparing the normal liver parenchyma which derives the bulk of its blood supply from the portal vein. In patients with bilobar hepatic metastases, lobar embolizations are typically carried out at 4-to 6-week intervals with the entire liver treated in two or three stages.
The embolization procedure begins with a celiac angiogram designed to identify the hepatic vasculature, patency of the portal vein, and location of liver metastases. Selective catheterization of the left or right hepatic artery is then carried out under fluoroscopy. Various embolic materials have been used including Gelfoam (Pharmacia and Upjohn Co, Kalamazoo, MI), polyvinyl alcohol, and trisacryl gelatin microspheres (Embospheres; BiosSphere Medical Inc., Rockland, MA). Embolization can be carried out with the addition of intra-arterial cytotoxic drugs (transarterial chemoembolization; TACE) or without (bland embolization; TAE). There are no published randomized studies comparing TAE with TACE and no consensus favoring a particular approach.
Nearly all data on TAEs for NET patients derive from retrospective institutional series. Objective radiographic response rates (ORRs) have varied widely in some studies; however, the majority of institutions report partial response rates of ∼50% [18] [19] [20] [21] [22] [23] . Symptomatic responses (e.g. improvement in hormonal syndromes or pain) as well as major biochemical responses (>50% reductions in hormone or tumor marker levels) are achieved in the majority of cases. Due to lack of prospective trials, there is little reliable data on time to disease progression following hepatic artery embolization; however, the largest retrospective series of 122 patients reported a median PFS of 10 months [24] . The main mechanism of disease progression in the liver is the revascularization of tumors from collateral vessels via angiogenesis. The process of embolization itself is thought to stimulate brisk angiogenesis by releasing vascular endothelial growth factor (VEGF) into the circulation [25] .
Inhibition of the VEGF pathway has proven to be an effective treatment strategy for metastatic NETs which express both VEGF and VEGFR [26] [27] [28] . The most widely studied VEGFR-inhibiting agent in NETs is sunitinib, a multi-targeted inhibitor of VEGFR-1, -2, and -3 among other tyrosine kinase receptors [29, 30] . We hypothesized that administration of sunitinib following TAE, to coincide with the postembolization VEGF spike, would delay the process of neoangiogenesis and prolong time to tumor progression. We therefore conducted a phase II clinical trial of sunitinib combined with hepatic artery embolization, measuring levels of serum VEGF before and after embolization and assessing response rates and PFS using standard RECIST criteria.
patients and methods

patient selection
This study was an open-label, single-arm, phase II prospective clinical trial. Subjects were adults (age ≥ 18) with stage IV well-or moderately differentiated carcinoid tumors or pancreatic NETs who had measurable liver metastases. Patients with limited extrahepatic metastases were eligible as long as the liver was the predominant site of tumor spread. Prior systemic and surgical/ablative treatments were allowed; however, prior hepatic embolizations or angiogenesis inhibitors were prohibited. Other key eligibility criteria included Eastern Cooperative Oncology Group performance status ≤2, absolute neutrophil count ≥1500 cells/μl, platelets ≥100 000 cells/μl, total bilirubin ≤1.5 × upper limit of normal (ULN), original articles Annals of Oncology aspartate aminotransferase and alanine aminotransferase ≤2.5 × ULN (≤5 × ULN if attributable to liver metastases), and serum creatinine ≤1.5 × ULN. Key exclusion criteria included brain or leptomeningial metastases, prolonged QTc interval on baseline electrocardiogram, symptomatic congestive heart failure, myocardial infarction or angina (within 6 months), and uncontrolled hypertension (>150/100 mmHg).
All patients were required to provide written informed consent before study enrollment. The study was approved by the Institutional Review Board and complied with the provisions of the Good Clinical Practice guidelines and the Declaration of Helsinki.
study design
Patients underwent a series of one to three bland hepatic artery embolizations using trisacryl gelatin microspheres (Embospheres®) scheduled at 6-week intervals. After obtaining arterial access, a diagnostic celiac arteriogram was carried out using a 5-F catheter to identify arterial supply to tumors and to confirm patency of the portal vein. A microcatheter was then advanced selectively into the right or left hepatic artery, distal to the gastroduodenal artery. Embolization was carried out using microspheres mixed with contrast until achievement of near-stasis. Patients were admitted to the hospital after each embolization in order to palliate the postembolization syndrome consisting of abdominal pain, nausea/vomiting, and fevers. Discharge generally occurred after liver transaminases peaked, resulting in a median hospitalization of 3 days.
The total number of embolizations was determined by the treating interventional radiologist based on the extent of hepatic involvement with metastases. Sunitinib was administered orally once daily on days 1-28 in a 42-day cycle, starting 7 days after each embolization and ending 7 days before subsequent embolizations. After completion of embolizations, treatment with sunitinib was continued at the same dose and schedule until disease progression or a maximum of eight cycles (whichever occurred earlier). The initial dose of sunitinib was 50 mg, with two dose reductions permitted at increments of 12.5 mg. The protocol was subsequently amended to reduce the starting dose to 37.5 mg.
outcomes assessment
Multiphasic computed tomography or magnetic resonance imaging scans of the abdomen (along with any other relevant body part with evidence of disease) were carried out at baseline and every 3 months subsequently. A radiologist independently assessed the baseline burden of disease in the liver ( percentage of liver involvement). Extrahepatic metastases were included for assessment of response and progression by RECIST version 1.0. Among patients with elevated baseline hormones or tumor markers [e.g. urine 5-HIAA, serum chromogranin A (CgA), gastrin, glucagon, etc.], repeat levels were obtained every 3 months. A >50% reduction or normalization of levels was defined as a biochemical response.
Safety was assessed according to the National Cancer Institute's Common Terminology Criteria for Adverse Events version 3.0. Patients were evaluated every 6 weeks and at the end of treatment for assessment of safety and for the determination of the occurrence and severity of adverse events.
A correlative end point of this study was the serum concentration of circulating VEGF immediately before the initial embolization and 48 h later. The mean difference and natural log relative difference between baseline and postembolization serum VEGF were calculated.
sample size calculation
The primary end point was PFS. Secondary end points included ORR, overall survival (OS), and toxicity. For sample size calculation, the null hypothesis was a PFS rate of 50% at 12 months with embolization alone. Table 1 . During the course of the study, 84 TAEs were performed; the median number of TAE treatments was two per patient (range 1-3). The initial starting dose of sunitinib was 50 mg (4 weeks on, 2 weeks off ) with a maximum of two dose reductions permitted for toxicity (to 37.5 and 25 mg); however, the first five patients enrolled at the 50 mg dose all required at least one dose reduction (two due to nausea/vomiting, two due to diarrhea, and one due to poorly controlled hypertension). Subsequently, an amendment to the study lowered the starting dose of sunitinib to 37.5 mg, permitting a single dose reduction.
In total, 21 patients (54%) completed the maximum eight cycles of sunitinib. Among the remaining 18 patients, nine discontinued sunitinib due to disease progression, five discontinued sunitinib during their first cycle due to side effects, and one withdrew from the study after six cycles for personal reasons. Three patients underwent embolization but did not receive sunitinib: two due to postembolization pain and fatigue and one because of worsening carcinoid heart disease following initial embolization. A total of 16 patients required dose reductions of sunitinib to 25 mg due to side effects.
radiologic response, PFS, and OS
Twenty-eight patients (72%; 95% CI, 0.58-0.86) experienced a partial radiographic response, eight patients (20%) had stable disease, and three patients (8%) had progressive disease as their best response. Figure 1 summarizes the maximum percent change from baseline in the sum of the longest diameters of target lesions. Median PFS was 15 months and the PFS rate at 12 months was 66% (95% CI, 0.51-0.81; Figure 2 ). Rates of OS at 1 and 4 years were 95% (95% CI, 0.88-1.00) and 59% (95% CI, 0.38-0.80; Figure 3 ), respectively. Median OS has not been reached.
biochemical response
Nineteen patients had elevations in baseline urine 5-HIAA. All but one experienced reductions in urine 5-HIAA levels following embolization, including 16 patients (84%) who experienced a major response (defined as ≥50% decrease or normalization). Twenty-five patients had baseline elevations in serum CgAamong whom 18 patients (72%) experienced a major reduction following embolization. In total, 22 of 27 
multivariate analysis of risk
Cox proportional hazards regression analysis was performed evaluating primary tumor site, tumor grade, liver tumor burden, progression prior to enrollment, and age. Statistically significant risk factors for disease progression included pancreatic versus small intestinal primary site (P = 0.04), age (P = 0.03), and progression before enrollment (P = 0.03; Table 2 ). Liver tumor burden was not a statistically significant prognostic factor for progression on multivariate analysis.
serum VEGF concentration
Measurements of serum VEGF were carried out immediately prior to the initial embolization and 48 h later in 19 patients who consented to blood draws. Fourteen patients experienced an increase and five patients had a decrease in their serum VEGF. A Wilcoxon signed-ranks test demonstrated a significant increase in postembolization serum VEGF compared with baseline (P = 0.03). The mean increase in serum VEGF at 48 h was 34%.
safety profile
Safety was monitored during study visits occurring a week after each embolization and every 6 weeks thereafter. The most common treatment-related adverse events were grades 1 and 2 and included fatigue, hypertension, abdominal pain, alterations in taste, and palmar-plantar erythrodysesthesia (Table 3 ). The most common grade 2 toxic effects were fatigue and nausea, both experienced by 23% of patients. The most common grade 3 toxicity was hypertension. There were no grade 4 events. The majority of sunitinib dose reductions occurred subsequent to embolizations during the first and second cycles. Acute TAErelated symptoms (fever, nausea, and transaminitis) transpiring during postembolization hospital admissions (before initiation of sunitinib) were not recorded. The rates of PFS (66% at 1 year) and OS (59% at 4 years) observed in this study exceed those observed in prior retrospective studies of TACE or TAE alone and are highly encouraging. The safety data offer lessons which can be applied to future studies combining embolization with a systemic angiogenesis inhibitor. Because the highest incidence of adverse events occurs during the early postembolization period, it may be advisable to begin systemic treatment at a low dose and allow for dose escalation after recovery from the effects of embolization. Starting at a low dose may also allow for uninterrupted drug administration in the peri-embolization period.
The optimal duration of postembolization sunitinib is uncertain. In this trial, patients who had not progressed were treated for a maximum of 12 months (eight cycles). However, the relatively high number of progression events occurring shortly after discontinuation of sunitinib suggests that maintenance of treatment until progression may be a preferable strategy.
In summary, transarterial hepatic embolization is a highly active treatment option for patients with metastatic NETs to the liver. Embolization stimulates release of VEGF into the circulation. Sunitinib can be administered following hepatic artery embolization; however, most patients have difficulty tolerating standard dosing in the early postembolization period. The high rates of PFS and OS associated with this sequence of therapies are encouraging. Future multicenter randomized clinical trials investigating treatment with angiogenesis inhibitors versus placebo following hepatic artery embolization are warranted. disclosure JRS has received research funding from Pfizer. LKK has received honoraria from Pfizer. All remaining authors have declared no conflicts of interest. Dr LKK: advisory board participation during study (total compensation <$10 000).
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